
! 

CATALYTIC GASIFICATION OF GRAPHITE AND CHARS 

Heinz Heinemann. G.A. Somorjai, Pedro Pere i ra .  Jose Carrazza 
Center f o r  Advanced Mate r ia l s  

Ma te r ia l s  and Chemical Sciences D i v i s i o n  
Lawrence Berkeley Laboratory  
and Department o f  Chemistry 

U n i v e r s i t y  o f  C a l i f o r n i a  
Berkeley, C a l i f o r n i a  U.S.A. 

INTRODUCTION 

I n  e a r l i e r  papers [ l - 5 1  we have repor ted on the  low temperature c a t a l y t i c  
g a s i f i c a t i o n  o f  carbonaceous ma te r ia l s  w i t h  steam. The use o f  c a t a l y s t s  i s  
necessary i f  the  process i s  t o  be c a r r i e d  ou t  a t  temperatures below 1000 K .  
While a l k a l i n e  o r  a l ka l i ne -ea r th  hydroxides and carbonates have been stud ied by 
many inves t i ga to rs ,  they show c a t a l y t i c  a c t i v i t y  on l y  a t  temperatures above 1000 
K.  T rans i t i on  metals, i n  p a r t i c u l a r  n i c k e l  and i r o n ,  a re  ab le t o  ca ta l yze  the 
process a t  temperatures as low as 750 K b u t  t hey  deac t i va te  very f a s t .  These 
t r a n s i t i o n  metal c a t a l y s t s  a re  a c t i v e  o n l y  i f  t he  r e a c t i o n  cond i t i ons  pe rm i t  
t h e i r  presence i n  the  m e t a l l i c  s ta te .  

I n  our  e a r l i e r  work we have described c a t a l y s t s  which a re  mixtures o f  
potassium hydroxide and n i c k e l  ox ide  and have demonstrated t h a t  they showed the 
h ighest  a c t i v i t y  o f  a l l  t he  systems p rev ious l y  s tud ied a t  below 1000K. We a l so  
showed t h a t  t h i s  c a t a l y s t  m ix tu re  formed a r e l a t i v e l y  low me l t i ng  e u t e c t i c  t h a t  
can wet the  sur face o f  t he  carbon subst rates forming a l i q u i d  f i l m  which a t tacks  
the  carbonaceous ma te r ia l  by edge recess ion mode r a t h e r  than by a channeling mode 
which p reva i l s  f o r  potassium hydroxide alone and n i c k e l  alone. 

A disadvantage found w i t h  t h e  potassium-nickel c a t a l y s t s  i s  t h a t  they have 
a tendency t o  deac t i va te  over  a pe r iod  o f  t ime  when used on chars due t o  an 
i n te r fe rence  o r  po isoning by ash components i n  the  char.  The present  paper 
presents i n fo rma t ion  on t h e  r o l e  o f  ash components on c a t a l y t i c  g a s i f i c a t i o n  and 
describes another type o f  c a t a l y s t ,  namely a m ix tu re  o f  a l k a l i  and e a r t h  a l k a l i  
oxides such as K20-Ca0, which i s  almost as a c t i v e  and i s  less  s e n s i t i v e  t o  
poisoning than t h e  potassium-nickel composit ion. 

EXPERIMENTAL 

Four chars ranging from l i g n i t e  t o  bituminous coal  char have been g a s i f i e d  
along w i t h  g raph i te  i n  the  presence o f  var ious ca ta l ys ts .  The chars and t h e i r  
composition are sumnarized i n  Table 1.  

type UCP-2. 325 mesh) having a BET sur face area o f  47m2/g. 

w i t h  so lu t i ons  o f  KOH. KNO3. Ca(N03)2, or Ni(N03)2 respec t i ve l y .  The 
atomic r a t i o  o f  K/M2+ was equal t o  1 and the r a t i o  o f  K/C = 0.01. 
were d r i e d  a t  920 K f o r  one hour and t h e  n i t r a t e s  were decomposed. 
experiments w i t h  char the  c a t a l y s t  was prepared f i r s t  by mix ing aqueous so lu t i ons  
o f  KNO3 and N i ( N 0 3 ) ~  o r  Hg(NO3)2 and d ry ing .  
then f i n e l y  ground w i t h  t h e  char i n  t h e  c o r r e c t  propor t ions.  

The g raph i te  used was spectroscopic grade g raph i te  ( U l t r a  Carbon Corp., 

The carbonaceous samples were impregnated by i n c i p i e n t  wetness methods 

The samples 
I n  some 

The s o l i d  c a t a l y s t  was 
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The exper imental  setup o f  the  f l o w ' r e a c t o r  i s  shown i n  F ig .  1. The 
r e a c t o r  i s  a 3.7 mn I D  316 s t a i n l e s s  s t e e l  tube. Between 0.5 and 1.0 g o f  sample 
i s  deposi ted between two alumina wool plugs. Passing steam through t h e  system i n  
t h e  absence o f  a sample does n o t  g i v e  any reac t ion .  The r e a c t i o n  temperature can 
be ad jus ted  t o  +1OC o f  the  des i red  value. Steam i s  produced by pumping water 
w i t h  a Harvard Compact I n f u s i o n  pump, Model 975, through heated l i n e s  w i t h  an 
i n l e t  temperature t o  t h e  r e a c t o r  o f  450 K.  A t  water f lows o f  less  than O.lcc/min 
t o t a l  pressure i n  t h e  r e a c t o r  i s  15 p s i g  21 ps ig .  A l i q u i d  r a t e  o f  .O6cc/min was 
se lec ted  as a standard f low, equ iva len t  t o  270 cc/min o f  steam a t  850 K. Steam 
l e a v i n g  t h e  reac tor  i s  condensed by volume expansion. Gas produced i s  measured 
and analyzed by gas chromatography and l i q u i d  water i z  measured t o  permi t  a mass 
ba 1 ance. 

A thermal d e t e c t o r  w i t h  a column o f  100/120 carbosieve S-11, 1 0 '  x 1/8", 
supp l ied  by SUPELCO i s  used f o r  t h e  ana lys is  o f  H2. CO. COz, and CH4. 
Water i s  e lu ted  f rom t h e  column a t  a f l o w  r a t e  of 30 ml/min He c a r r i e r  gas, a 
column temperature o f  425 K f o r  9 min, fo l lowed by a r i s e  t o  500 K achieved a t  a 
r a t e  o f  250/min and maintained a t  500 K f o r  12 min. 

The reac tor  conta in ing  
t h e  carbon p lus  c a t a l y s t  m i x t u r e  i s  heated t o  725 K a t  a r a t e  o f  12S0/hr i n  a 
Scc/min he l ium f low.  The temperature o f  725 K i s  maintained f o r  2 hours t o  
assure complete decomposition o f  the  c a t a l y s t  n i t r a t e s  and t h e i r  conversion t o  
oxides. Water f l o w  i s  then s t a r t e d  and the  temperature i s  ra ised  a t  a r a t e  o f  
about lOO/min t o  t h e  des i red  r e a c t i o n  temperature. u s u a l l y  900 K. 

RESULTS 

The f l o w  r e a c t o r  t e s t  i s  standardized as f o l l o w s :  

Potassium-nickel  c a t a l y s t s  which show h i g h  a c t i v i t y  a t  g a s i f i c a t i o n  
temperatures i n  t h e  600-900K range deac t iva te  as a f u n c t i o n  o f  t ime, apparent ly 
due t o  i n t e r a c t i o n  w i t h  ash components o f  chars.  

by ash components and which would a l s o  be less expensive than n i c k e l ,  i t  was 
found t h a t  a l k a l i - e a r t h  a l k a l i  combinations are  of cons iderab le  i n t e r e s t .  
Potassium-calcium ox ide  mix tu res  were on ly  s l i g h t l y  l e s s  a c t i v e  than 
potassium-nickel .  

c a t a l y s t s  were determined on g r a p h i t e  and are n o t  apprec iab ly  d i f f e r e n t  on 
var ious  chars (Table 2). 

I n  general g r a p h i t e  and chars e x h i b i t  t h e  same g a s i f i c a t i o n  mechanism as 
evidenced by s i m i l a r  a c t i v a t i o n  energies:  
O<n<l and A€=-63 Kca l .  

The ease o f  g a s i f i c a t i o n  increases i n  t h e  order :  g r a p h i t e  < bituminous < 
subbituminous < l i g n i t e  chars. 
more a c t i v e  f o r  l i g n i t e  and subbituminous chars than K-N i ,  t h e  reverse i s  t r u e  
f o r  bituminous chars.  

No d i f fe rence i n  g a s i f i c a t i o n  was observed between c a t a l y s t  prepared by 
impregnat ion of char o r  by phys ica l  mixing o f  c a t a l y s t  and char.  

I n  a search f o r  c a t a l y s t s  which would be l i k e l y  t o  show less  d e a c t i v a t i o n  

A c t i v a t i o n  energies f o r  the  potassium-nickel and potassium-calcium 

k i n e t i c  r a t e  = pn(H20)pn(H2), 

Table 3 i l l u s t r a t e s  t h i s  behavior.  While K-Ca i s  
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I n  k i n e t i c  s tud ies  o f  steam g a s i f i c a t i o n  o f  a number o f  chars impregnated 
w i t h  1% o f  equimolar potassium and n i c k e l  oxides o r  o f  K-Ca oxides, it was found 
t h a t  the predominant gas composition i s  H2 and C02. 
CO/CO2 r a t i o  o f  gases produced var ies  w i t h  d i f f e r e n t  chars. Thus, t h e  r a t i o  i s  
.8 f o r  I l l i n o i s  #b char and .08 f o r  North Dakota l i g n i t e  char, which has a much 
h igher  ash content.  
a lone r e s u l t s  i n  much h igher  CO/CO2 r a t i o s  than K / N i  and t h e r e f o r e ,  i n  less  
hydrogen. 
r a t i o  compared t o  .8 f o r  K / N i .  

The r a t e  o f  hydrogen produc t ion  as a f u n c t i o n  o f  c a t a l y s t  l o a d i n g  
increases r a p i d l y  i n  the  case o f  t h e  North Dakota char. This i s  shown i n  Table 
4. G a s i f i c a t i o n  a t  890 K resu l ted  i n  an almost 5 - fo ld  increase i n  t h e  hydrogen 
produc t ion  r a t e  when the  load ing  was 2.5% r a t h e r  than 1% w i t h  an a d d i t i o n a l  
increase o f  20% when the  load ing  was 3.2%. 

It was observed t h a t  the  

It was a l s o  found t h a t  impregnation w i t h  potassium hydroxide 

Thus, I l l i n o i s  #b char w i t h  potassium alone produces a 3.5 CO/CO2 
E s s e n t i a l l y  no CH4 was found. 

C a t a l y t i c  a c t i v i t y  o f  ash components i n  the  char was observed i n  a number 
o f  cases and p a r t i c u l a r l y  f o r  the  North Dakota char. 
c a t a l y s t ,  i n i t i a l  g a s i f i c a t i o n  was observed (F ig .  2) u n t i l  a t o t a l  o f  about 30% 
o f  the  char was g a s i f i e d .  
r a p i d l y  and eventua l l y  died. When the  remaining 70% o f  t h e  char  was impregnated 
w i t h  1% N i / K .  g a s i f i c a t i o n  resumed a t  a good r a t e  and w i t h  o n l y  a s l i g h t  d e c l i n e  
i n  hydrogen produc t ion  (F ig .  3 ) .  The North Dakota char was demineral ized by 
H F / H C l  t reatment t o  an ash content o f  less  than 2%. The demineral ized char 
showed no a c t i v i t y  i n  the  absence o f  added c a t a l y s t s .  This proves t h a t  the  
prev ious ly  observed g a s i f i c a t i o n  a c t i v i t y  o f  t h e  n a t i v e  char  was due t o  a 
c a t a l y t i c  a c t i o n  o f  t h e  ash. 

occurs as shown i n  F ig .  4. The r a t e  o f  g a s i f i c a t i o n  o f  t h e  demineral ized char 
promoted by Ni/K i s  almost an order  o f  magnitude h igher  than t h a t  observed f o r  
t h e  steam deact ivated char w i t h  t h e  same c a t a l y s t  (F ig .  3) .  The gas product 
d i s t r i b u t i o n  i s  t h e  same, namely most ly  C02 and hydrogen w i t h  small amounts o f  
CO and w i t h  almost n e g l i g i b l e  CH4 product ion.  
p roduc t ion  shown i n  F ig .  4 a t  the  end o f  g a s i f i c a t i o n  i s  due t o  t h e  r e l a t i v e l y  
small amounts of char remaining i n  the  r e a c t o r  a f t e r  about 75% carbon 
conversion. 

I n  t h e  absence o f  a 

The r a t e  o f  hydrogen produc t ion  per  minute dec l ined 

A f t e r  impregnation o f  the  demineral ized char w i t h  Ni/K r a p i d  g a s i f i c a t i o n  

The d e c l i n e  i n  hydrogen 

A comparison o f  the  r a t e  of char conversion f o r  a l k a l i - a l k a l i  e a r t h  (K-Ca) 
c a t a l y s t s  and f o r  a l k a l i - t r a n s i t i o n  metal c a t a l y s t s  (K-Ni) i s  shown i n  F i g .  5 f o r  
a subbituminous char (Rosebud). 
K - N i  c a t a l y s t  i s  apparent. When t h e  char i s  f i r s t  demineral ized, t h e  K-N i  
c a t a l y s t  shows b e t t e r  g a s i f i c a t i o n  than the  raw char, w h i l e  t h e  K-Ca c a t a l y s t  
looses some a c t i v i t y  when used i n  t h e  demineral ized char. 
ash components poison t h e  K-Ni  c a t a l y s t  b u t  enhance t h e  a c t i v i t y  o f  t h e  K-Ca 
c a t a l y s t .  

t h a t  the c a t a l y s t s  used i n  t h i s  work can d i s s o c i a t e  water a t  r e a c t i o n  c o n d i t i o n s  
i n  t h e  absence o f  carbon. With a K-Mg c a t a l y s t  t h e  a c t i v a t i o n  energy f o r  H2 
produc t ion  f rom water was 132 K c a l h o l .  
s t o i c h i o m e t r i c  r a t i o  o f  H2/CO2 i n  carbon g a s i f i c a t i o n  should be 2. i t  i s  
s l i g h t l y  h igher  than 2 dur ing  the  f i r s t  50% o f  g a s i f i c a t i o n  and lower than 2 
dur ing  t h e  second h a l f .  This i n d i c a t e s  s o r p t i o n  o f  CO o r  C02 on t h e  char  i n  

The s u p e r i o r i t y  o f  the  K-Ca c a t a l y s t  over t he  

This i n d i c a t e s  t h a t  

An important f i n d i n g  toward proposing a r e a c t i o n  mechanism i s  t h e  f a c t  

It has a l s o  been noted t h a t  w h i l e  t h e  
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e a r l y  stages o f  g a s i f i c a t i o n  and desorp t ion  i n  the  l a t e r  s ta tes .  
bonds i s  probably the  r a t e  c o n t r o l l i n g  step. F igure  6 shows t h e  r a t i o s  of 
H2/C02 produced a t  var ious  stages of g a s i f i c a t i o n .  

CONCLUSION 

Breaking o f  C-C 

Graphi te and chars can be g a s i f i e d  a t  800-900°K by t reatment w i t h  s te  
i n  t h e  presence o f  c a t a l y s t s  compris ing mix tu res  o f  potassium and n i c k e l  s a l  
potassium and ca lc ium s a l t s .  The ease o f  g a s i f i c a t i o n  increases g r a p h i t e  < 
bi tuminous < subbituminous < l i g n i t e .  The c a t a l y s t s  must be w e t t i n g  t h e  
carbonaceous m a t e r i a l  and g a s i f i c a t i o n  proceeds by edge recession. 
Potassium-nickel c a t a l y s t s ,  w h i l e  s l i g h t l y  more a c t i v e ,  a re  more sub jec t  t o  
poisoning by ash components than potasssium-calcium c a t a l y t s .  An impor tan t  
s tep  i n  t h e  g a s i f i c a t i o n  mechanism appears t o  be water d i s s o c i a t i o n  t h a t  i s  
ca ta lyzed by a l l  t h e  a c t i v e  c a t a l y s t s .  
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Table l . .PROXIMATE. ULTIMATE, AN0 INORGANIC CHEMICAL 
ANALYSES OF COALS USED I N  GASIFICATION TESTS 

Seam 
8 
- nine 
125 K Y  No. 13  - -  
Proximate Analysis,  ut% 

Mois tu re  
V o l a t i l e  M a t t e r  
Ash 
Fixed Carbon 

T o t a l  
U l t i m a t e  Analysis,  ut% ( d r y  b a s i s )  

Ash 
Carbon 
Hydrogen 
S u l f u r  
N i t rogen  
Oxygen (by d i f f e r e n c e )  

T o t a l  

Si02 
A1 203 
FeZ03 
T i02  
p205 
CaO 

Ash Composition, ut% 

ngo 

i o t a 1  
Ash Content (as ashed f o r  a n a l y s i s  

of ash, d r y  bas i s )  
Basic Ash Cons t i t uen ts .  ut% 
Dolomite Rat io.  ut% 
Si02/A1203 R a t i o  
Forms of  S u l f u r ,  ut% ( d r y  bas i s )  

P y r i t i c  
S u l f a t e  
Organic 

T o t a l  

Forms o f  I r o n  ( d r y  bas i s )  
P y r i t i c  
HC 1 -Soluble 

Ac id - Inso lub le  
P y r i t i c ,  X of t o t a l  Fe** 

T o t a l  o f  H C l  Sol t P y r i t i c  

N.Oakota 

L i q n i t e  Rosebud 

3.4 23.1 
71 .6 28.5 
25.0 11.3 

37.1 
100.0 100.0 
- - 

14.66 
62.78 
4.40 
1.29 
0.99 
15.88 
100.00 

26.1 48.8 
13.1 23.55 

6.6 7.02 
0.6 0.12 
0.2 0.25 

22.4 7.16 
8.1 2.57 
1.8 0.09 

.b 0.36 
18.1 9.91 
98.2 99.78 

19.22 
56.6 
2.1 

0.76 
0.015 

1.28 
0.52 

ut% X o f  Fe 
1.32 62* 

OH P i t t  No. 

F r a n k l i n  

2.5 
38.6 

7.5 
51.4 
100.0 

7.68 
14.47 

5.24 
3.21 
1.50 
7.90 
100.00 

41.6 
20.9 
31.7 

1.02 
0.07 
1.14 
0.36 
0.35 
0.98 
1.00 

99.2 

7.1 
35.2 

4.3 
2.0 

2.37 
0.21 

3.56 
0.97 

9 .8  
32.2 

1.3 
50.7 
100.0 

8.08 
13.74 

4.82 
1.40 
1.85 
10.11 
100.00 

58.5 
26.9 

8.1 
0.87 
0.16 
0.90 
1.21 
0.24 
2.94 
0.80 

100.62 

8.2 
13.4 
15.8 

2.2 

0.40 
0.10 
1.03 
1.53 
- 

v t X X o f F e  m m  
2.07 96 0.35 10 

- - - - - -  0.12 6 0.08 4 0.15 30 
2.13* 100 2.15 100 0.50 100 
0.69 -- co.10 -- <0.1 

91 54 _- 
*Based on t o t a l  i r o n  i n c l u d i n g  0.69 ut% HC1-insoluble 

**Of 1/4- inch-top-size coal  a f t e r  storage 
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Table 2: Arrhenius Analysis fo r  G a s i f i c a t i o n  

A c t i v a t i o n  Energy 
C a t a l y s t  and Char Kca 1 /mol 
K - N i  Graph i te  -61 .O 
K-Ca Rosebud Char 58.8 
K/Ca Frank lyn  Char 64.4 
K-Ca Frank lyn  Char demineral ized 63.1 
K - N i  F rank lyn  Char 54.1 

Table 3: R e l a t i v e  G a s i f i c a t i o n  Conversion o f  Chars 

X Conversion a t  900K 
Cata lys t  A c t i v i t v  Char Class A f t e r  1000 Min 

K-Ca > K - N i  L i g n i t e  100 
K-Ca > K - N i  Subbituminous 90-1 00 
K-Ni  > K-Ca 8 i  turninous 45-50 

Table 4. Rate o f  H2 Product ion as Funct ion o f  
Cata lys t  Loading N i / K  = 1.0. 

H2 r a t e  
N i  /C rnl / m i  n m mol/tlp/mol Ni/rnin 
- 

1.0 x 10-2 0.5 49 
2.5 x 10-2 2.48 97 
3.2 x 10-2 2.90 89 

126 



. .  . . . .  
-.-”n..n.nc 

127 



128 



F i g .  5 .  Rosebud Char Steam G a s i f i c a t i o n  
K-Ca and K-Ni Compared 

1.0 

-0 a 

- -(2 

Fig. 6. Selectivity vs. Conversion for Steam 
Gasification of North Dakota Char 
Demineralized. 
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